Introduction {#eph1658-sec-0040}
============

The combination of cell‐specific use of alternative promoters, alternative polyadenylation sites and cell‐specific alternative splicing of pre‐mRNA in the cell nucleus generates a wide range of mRNAs that may have different stabilities or encode functionally different proteins. During transcription and pre‐mRNA processing, the spliceosome orchestrates intron removal and exon splicing. Appropriate caps (5′‐7‐methylguanylate) and tails \[3′ poly‐(A)\] are added to form mature mRNAs. Cell‐specific factors recruit transcriptional machinery in the cell nucleus to control the choice of alternative promoters and first exons, promote recognition or skipping of alternatively spliced exons by the spliceosome and control the choice of alternative polyadenylation sites. The large number of RNA variants that can be derived from a single gene is a powerful mechanism to support functional diversity among proteins without increasing genetic load. Cell‐specific use of alternative exons, alternative promoters, RNA editing and alternative sites of polyadenylation in 3′ untranslated regions give rise to multiple mRNA isoforms according to cell and tissue type, developmental stage, activity level and disease state. These forms of RNA processing are no longer considered exceptional, but rather a property that is characteristic of the vast majority of multi‐exon eukaryotic genes. Certain genes are subject to extensive alternative splicing, including *Drosophila Dscam* and mammalian neurexin (*Nrxn*) genes that have the potential to generate thousands of functionally different protein isoforms (Schmucker *et al*. [2000](#eph1658-bib-0039){ref-type="ref"}; Aoto *et al*. [2013](#eph1658-bib-0002){ref-type="ref"}; Lah *et al*. [2014](#eph1658-bib-0022){ref-type="ref"}).

In our discussions below, we focus on examples of tissue‐specific regulation of exon choice that expand the proteome. However, tissue‐specific control of certain disruptive alternative exons is also a cellular mechanism to turn on or off the expression of proteins downstream of transcriptional activity (Lareau & Brenner, [2015](#eph1658-bib-0025){ref-type="ref"}). Insertion or skipping of disruptive alternative exons in mRNAs shifts the open reading frame, introduces premature stop codons and results in mRNA degradation by nonsense‐mediated decay (O\'Brien *et al*. [2012](#eph1658-bib-0036){ref-type="ref"}; Eom *et al*. [2013](#eph1658-bib-0009){ref-type="ref"}; Yan *et al*. [2015](#eph1658-bib-0056){ref-type="ref"}; Lareau & Brenner, [2015](#eph1658-bib-0025){ref-type="ref"}).

The functional importance of alternative splicing has already been shown for a wide range of physiological processes, including the following: acquisition of cell phenotype during early differentiation; correct axonal targeting and synaptogenesis during brain development; sex determination in insects; muscle fibre type specification; synaptic scaling; cell signalling; pluripotent stem cell renewal; and, possibly, speciation (Aoto *et al*. [2013](#eph1658-bib-0002){ref-type="ref"}; Han *et al*. [2013](#eph1658-bib-0014){ref-type="ref"}; Jepson *et al*. [2013](#eph1658-bib-0017){ref-type="ref"}; Lipscombe *et al*. [2013](#eph1658-bib-0030){ref-type="ref"} *a*; Venables *et al*. [2013](#eph1658-bib-0049){ref-type="ref"}; Lah *et al*. [2014](#eph1658-bib-0022){ref-type="ref"}; Raj *et al*. [2014](#eph1658-bib-0037){ref-type="ref"}; Lu *et al*. [2014](#eph1658-bib-0032){ref-type="ref"}). Cell‐specific pre‐mRNA processing greatly expands the coding capacity of genes, and the resulting pool of mRNA splice isoforms in specific tissues carries a richer source of information about the function and the state of the cell than the genotype alone. The potential to produce functional diversity by regulated alternative splicing is now well appreciated, and the molecular mechanisms that regulate cell‐specific and developmental stage‐specific alternative splicing are under active investigation. Our understanding of where, when, why and how mRNA splice isoforms are expressed is currently incomplete, but the landscape is changing rapidly. Whole‐transcriptome analyses of data sets derived from massively parallel sequencing are added to publicly available databases with high frequency, and contain sequences for expressed RNAs for an expanding number of human and mouse tissues, cells and diseases (Voineagu *et al*. [2011](#eph1658-bib-0050){ref-type="ref"}; Li *et al*. [2014](#eph1658-bib-0027){ref-type="ref"}; Martin *et al*. [2014](#eph1658-bib-0033){ref-type="ref"}; Zhang *et al*. [2014](#eph1658-bib-0062){ref-type="ref"}). The sheer scale of protein diversity that is possible from complex genes, including those that encode voltage‐gated ion channels, can be daunting when it comes to selecting the most physiologically relevant protein splice isoform to study. Nonetheless, this choice is likely to be critical for a complete understanding of protein function -- including subcellular targeting, activation, modulation and pharmacological sensitivity -- in the most physiologically relevant context.

Identifying splice isoforms in specific cells and tissues {#eph1658-sec-0050}
=========================================================

Identifying and manipulating protein isoforms in specific tissues is technically challenging because of their structural, pharmacological and functional similarities, the range of tissues and cell types where they are expressed, the short temporal expression pattern of certain splice isoforms and the short length of some alternative exons, which may encode only one or two amino acids. Where traditional physiological and pharmacological tools cannot meet the challenge, large‐scale, deep‐sequencing methods now give unprecedented details about the mRNAs expressed in a variety of human tissues. Critically, these methods now provide comprehensive sequence coverage for complex genes, such as ion channels and other membrane proteins whose mRNAs may be present at relatively low levels. Using available visualization tools, it is now easier to gain substantial information on the transcribed sequences of genes of interest, including the major mRNA isoforms expressed in various mammalian tissues, the location of major splice junctions and the location and type of RNA and DNA regulatory elements. Such information can provide a useful starting point to develop hypotheses about the role of different protein isoforms in specific cells and tissues for direct testing *in vitro* and *in vivo*. We demonstrate the utility of these genome‐wide deep‐sequencing data sets by illustrating how to visualize alternatively spliced exons of the *Cacna1* genes, which encode the functional core α1 subunits of voltage‐gated calcium (Ca~V~) channels in mammals.

Site of alternative splicing in the *Cacna1b* gene {#eph1658-sec-0060}
==================================================

Two decades ago, we set out to identify the molecular correlates of different Ca~V~2.2 channel activities (N‐type currents) observed in patch‐clamp recordings from neurons. The Ca~V~2.2 channels support many different cell functions, including excitation--secretion coupling at many different synapses in the nervous system, and are encoded by the *Cacna1b* gene. At that time, genomic sequence information was limited. We, and others, therefore relied heavily on time‐intensive targeted RT‐PCR amplification across exon junctions, based on the available *Cacna1b* sequence, and using mRNA isolated from microdissected brain regions, different peripheral ganglia and different tissues. We identified four sites of cell‐specific alterative splicing in *Cacna1b* based on the presence of Ca~V~2.2 mRNA isoforms as well as alternative sites of polyadenylation in the 3′ untranslated region that generates Ca~V~2.2 mRNAs with different stabilities in neurons (Schorge *et al*. [1999](#eph1658-bib-0040){ref-type="ref"}). In subsequent studies, we showed that cell‐specific control of alternative pre‐mRNA splicing positions Ca~V~2.2 splice isoforms with unique biophysical properties and sensitivities to modulation by G‐protein‐coupled receptors in specific subpopulations of neurons and brain regions (Lipscombe *et al*. [2013](#eph1658-bib-0031){ref-type="ref"} *b*). Today these same Ca~V~2.2 mRNA isoforms can be identified in minutes by viewing Ca~V~2.2 RNA‐seq data alignments and the conservation track of *Cacna1b* homologues across a range of vertebrates. This type of integrated visualization of data sets is nicely illustrated using the UCSC Genome Browser (Kent *et al*. [2002](#eph1658-bib-0020){ref-type="ref"}), for four cell type‐specific alternatively spliced exons in *Cacna1b* (Fig. [1](#eph1658-fig-0001){ref-type="fig"} *A*--1*D*; see below).

![**Visualizing various tracks using UCSC Genome Browser reveals the location of four alternatively spliced exons of mouse *Cacna1b* based on mouse genome version Dec. 2011 (GRCm38/mm10**; [http://genome.ucsc.edu/cgi‐bin/hgGateway](http://genome.ucsc.edu/cgi-bin/hgGateway); Kent *et al*. [2002](#eph1658-bib-0020){ref-type="ref"})\
The genomic regions flanking alternatively spliced exons (18a, 24a, 31a and 37a/37b) of *Cacna1b* are shown in *A--D*. In each panel, scale bars indicate the size of the genomic region shown. Horizontal layers I--IV represent different display options, as follows: layer I, possible splice patterns in the region of *Cacna1b*; and layers II--V, tracks of UCSC Genes (blue), Ensemble Genes (maroon), and two different display options for Vertebrate Conservation (grey and green). Exons are shown as rectangles (layer I), and the direction of transcription is indicated by small arrows (layer III). The conservation track (layers IV and V) displays the PhastCon scores (from 0 to 1) calculated based on the genome sequence alignment of 60 vertebrates. In each panel, an alternatively spliced exon is captured in at least one Ensemble transcript. Not all alternatively spliced exons appear in mm10 UCSC Genes (or Refseq Genes track, not shown), but they align perfectly with peaks of highest conservation in the Vertebrate Conservation track. The following steps will recreate the display shown. (i) In the UCSC Genome Browser, choose 'Genomes' top left, group 'mammal', genome 'mouse', assembly 'GRCm38/mm10', search term '*Cacna1b*', location chr2:24603889‐24763152, submit. (ii) Scroll down to 'Genes and Genes Predictions' header category, set 'Ensembl genes' tab to 'full' and 'UCSC Genes' tabs to 'dense' and set all other tabs to 'hide'. (iii) Scroll down to Comparative Genomics header, set 'Conservation' to display 'full' and click on the 'Conservation' link; here you can select subtracks by clade, select 'phastCons' scores in 'full', and 'hide' other features, further restrict the PhastCons scores to '60 Vert. Cons' in the subtrack lists, 'submit'. The complete *Cacna1b* gene is displayed. *A--D* are zoomed in to resolve regions that contain alternatively spliced exons. To recreate each panel type in locations: chr2:24678405‐24686581 (18a region; *A*); chr2:24653647‐24657925 (24a region; *B*); chr2:24638102‐24649580 (31a region; *C*); and chr2:24621473‐24632972 (37 region; *D*). Co‐ordinates of exons are as follows: chr2:24682976‐24683038 (18a); chr2:24656711‐24656722 (24a); chr2:24642853‐24642858 (e31a); chr2:24626823‐24626919 (37a); and chr2:24625238‐24625334 (37b). Alternatively spliced exons are flanked by consensus dinucleodide splice junction motifs AG and GT. Functions and tissue‐specific distributions of these alternative exons have been described by our laboratory (Lipscombe *et al*. [2013](#eph1658-bib-0030){ref-type="ref"} *a*).](EPH-100-1429-g002){#eph1658-fig-0001}

Tools to visualize tissue‐specific isoforms from genome‐wide expression data sets {#eph1658-sec-0070}
=================================================================================

Massively parallel sequencing technology (next‐generation sequencing) has reduced the cost of DNA sequencing dramatically (Lander, [2011](#eph1658-bib-0024){ref-type="ref"}), and many genome‐wide expression data sets have been produced for a range of tissues and species and deposited to the public database. At the same time, interactive informatics tools have been developed to help researchers access, align and visualize any genome‐wide information that is annotated by genome co‐ordinate positions for species whose genomes have been sequenced and reference genome assembly and co‐ordinates established. The UCSC Genome Browser and the Integrated Genomics Viewer (IGV) visualization tools offer different ways to explore large, heterogeneous, integrated genomic data sets from different species. While the UCSC Genome Browser is a Web application that offers the pre‐integration of many data sets (Kent *et al*. [2002](#eph1658-bib-0020){ref-type="ref"}; <http://genome.ucsc.edu/>), IGV is optimized to provide high‐performance data visualization as a stand‐alone software application (IGV, <http://www.broadinstitute.org/igv/>; Thorvaldsdóttir *et al*. [2013](#eph1658-bib-0046){ref-type="ref"}, [2015](#eph1658-bib-0047){ref-type="ref"}). Both tools can upload custom data sets for visualization and both provide access to the Encyclopedia of DNA elements (ENCODE; Birney *et al*. [2007](#eph1658-bib-0004){ref-type="ref"}). Genotype‐Tissue Expression project (GTEx; <http://www.gtexportal.org/>; GTEx, [2013](#eph1658-bib-0012){ref-type="ref"}) is a resource that can be used to visualize human gene expression and regulation for multiple tissues from a database collected and analysed within the GTEx project. The type of information highlighted here represents only a glimpse of what can be accessed from sequence databases using these tools; new sequence information is added regularly and new tools are being developed constantly.

UCSC Genome Browser {#eph1658-sec-0080}
-------------------

In the UCSC Genome Browser, the user can zoom and scroll over genomic locations on the chromosomes and display genome‐wide annotation data sets ('tracks'), including mRNA alignments, gene‐expression data and epigenetic regulatory markers, viewed beneath genome co‐ordinate positions (Kent *et al*. [2002](#eph1658-bib-0020){ref-type="ref"}). The annotation tracks allow rapid vertical integration to visualize different types of information aligned to the same genome co‐ordinates. The following description is best read while viewing the UCSC Genome Browser (see legend to Fig. [1](#eph1658-fig-0001){ref-type="fig"}). The UCSC Genome Browser contains \> 10 major categories of genome annotations. For example, 'Expression and Regulation' is particularly useful for viewing cell‐ and tissue‐specific events. Under each category, various tracks are available for viewing, and each track is derived from specially formatted files that can be read by the Genome Browser. These large genome‐wide data sets have been preloaded at the UCSC server and can be configured by the user to display individual tracks of interest at several different resolutions (dense, squish, pack and full). For example, the 'Burge‐RNA seq' track located under the 'Expression and Regulation' tab contains RNA‐seq data from five human cell lines and nine human tissues (Wang *et al*. [2008](#eph1658-bib-0052){ref-type="ref"}) that can be displayed by selecting a view option (dense, squish, pack and full). In Fig. [1](#eph1658-fig-0001){ref-type="fig"}, we show an output from the UCSC Genome Browser to demonstrate its value for visualizing tissue‐specific alternative exons in *Cacna1b*. Previously characterized alternatively spliced exons 18a, 24a, 31a, 37a and 37b in *Cacna1b* are captured by visualizing *UCSC Genes* and *Ensembl Genes* tracks aligned to the *60‐vertebrate Conservation* track (Fig. [1](#eph1658-fig-0001){ref-type="fig"}). Notably, all five alternative exons are found in all vertebrate *Cacna1b* genes and captured in tracks such as '*Other RefSeq*' (non‐human), '*Human mRNAs*' and '*Spliced ESTs*', but none is documented in the human reference RNA (human RefSeq) for the human genome (data not shown). Even exon 31a, which is only six nucleotides, located within a 10--12 kb intron and expressed at very low levels in mammalian brains, is captured in at least one *Ensembl* transcript (Fig. [1](#eph1658-fig-0001){ref-type="fig"}).

In Fig. [2](#eph1658-fig-0002){ref-type="fig"}, we show the 5′ end of *Cacna1c*, the gene that encodes dihydropyridine‐sensitive Ca~V~1.2 channels (high‐voltage‐activated L‐type currents) to illustrate tissue‐specific choice of promoters and first exons. Ca~V~1.2 channels are expressed throughout the body, including the heart, smooth muscle, endocrine cells and neurons. They couple excitation to muscle contraction in heart and smooth muscle, to vesicle release in endocrine cells and to postsynaptic calcium‐mediated synaptic plasticity and gene expression in neurons. Consistent with their very different cellular roles, unique Ca~V~1.2 channel isoforms and exons dominate in different types of cells and tissues. The tissue‐specific choice of alternative promoters of mouse *Cacna1c* can be inferred from visualizing tissue‐specific histone modifications displayed in ChIP‐seq track from the track '*ENCODE/Ludwig Institute for Cancer Research*' (LICR; ENCODE, [2012](#eph1658-bib-0008){ref-type="ref"}) in parallel with RNA‐seq data from different mouse tissues (Fig. [2](#eph1658-fig-0002){ref-type="fig"}). Here, we show the *H3K4me3* subtrack that is predictive of active promoters, but this track can also be used to display an extensive number of *cis*‐regulatory elements genome wide for a range of mouse tissue and cell lines (ENCODE, [2012](#eph1658-bib-0008){ref-type="ref"}).

![**The use of different first exons in mouse *Cacna1c* in heart and brain is readily visualized using the UCSC Genome Browser by viewing H3K4Me3 regulatory markers that often correlate with the sites of transcription initiation**\
Mouse July 2007 (NCBI37/mm9) assembly is used for display, with genomic co‐ordinate chr6:118534231‐119182730. Genomic location and scale bar indicate the position and coverage of the genome. Each line represents a reference sequence aligned to the mouse genome (mm9) from UCSC Genes track (blue). Tissue‐specific histone modifications are displayed in the ChIP‐seq subtrack from the ENCODE/Ludwig Institute for Cancer Research (LICR; ENCODE, [2012](#eph1658-bib-0008){ref-type="ref"}) in parallel with RNA‐seq data from mouse heart (8 weeks) and mouse embryonic whole brain (day 14.5). Exon 1a is used in heart and is located \> 80 kb upstream of exon 1b that is used in both heart and brain. Three H3K4Me peaks are shown that correspond to two different transcription start sites for *Cacna1c* and a single transcription start for *Dcp1b*. The *Dcp1b* gene is transcribed on the reverse strand.](EPH-100-1429-g003){#eph1658-fig-0002}

Integrated Genomics Viewer {#eph1658-sec-0090}
--------------------------

The IGV is a stand‐alone application that is optimized for high‐performance data visualization and offers functionality such as displaying splicing and exon junctions quantitatively (Robinson *et al*. [2011](#eph1658-bib-0038){ref-type="ref"}; Thorvaldsdóttir *et al*. [2013](#eph1658-bib-0046){ref-type="ref"}, [2015](#eph1658-bib-0047){ref-type="ref"}; Katz *et al*. [2015](#eph1658-bib-0019){ref-type="ref"}). The IGV comes with a set of highly used publicly available data sets, including ENCODE. Custom genome annotation data sets can be loaded from a server or local files. Many large‐scale RNA‐seq projects have produced mRNA expression data sets across multiple tissues and multiple cell lines. For example, human BodyMap 2.0 data from Illumina^®^ can be downloaded, and it contains deep‐sequencing alignments and coverage for RNA‐seq derived from 16 human tissues ([http://www.ebi.ac.uk/arrayexpress/experiments/E‐MTAB‐513/](http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-513/)). Human BodyMap 2.0 data can be visualized within IGV. Sashimi plots and junction box displays provide quantitative visualizations of tissue‐specific expression patterns of alternative splice junctions, as shown in Fig. [3](#eph1658-fig-0003){ref-type="fig"}.

![**Visualization of tissue‐specific use of alternative promoters in human *CACNA1C* using the integrative genomics viewer (IGV;** Thorvaldsdóttir *et al*. [2013](#eph1658-bib-0046){ref-type="ref"})\
The 2009 human (GRCh37/hg19) assembly was used in this figure to visualize the two alternative promoters in *CACNA1C*. Junction Box option is turned on for quantitative visualization of exon--exon junction from mRNA sequencing reads aligned to gene annotations. These plots show tissue‐specific usage of exon 1a (heart) and exon 1b (heart and brain). The thickness of the connections indicates the frequency of the reads that connect exon--exon junctions. The sense strand (red) and antisense strand (blue) are shown. Data were loaded from 'Bodymap 2.0' from IGV. The *DPC1B* gene is short and transcribed in the reverse direction. There are two promoters in *CACNA1C*, marked 1a and 1b.](EPH-100-1429-g004){#eph1658-fig-0003}

The GTEx portal {#eph1658-sec-0100}
---------------

The GTEx portal is an atlas of gene expression and regulation across multiple human tissues (GTEx, [2013](#eph1658-bib-0012){ref-type="ref"}). Since 2012, 3797 tissues from 150 donors have been collected and genotyped, and there is a target of gathering data from 900 donors and ∼20,000 tissue samples. GTEx is especially rich in mRNA sequences from different brain regions (13 subregions), lending greater resolution to region‐specific expression patterns. Analysed data from GTEx are available to download using a simple user interface that generates an output showing both expression levels and frequency of exon usage across tissue and brain regions. In Fig. [4](#eph1658-fig-0004){ref-type="fig"}, we again use *Cacna1c* to illustrate how GTEx can be used to visualize tissue‐specific use of alternative promoters and exons in human heart and coronary artery smooth muscle. Alternative exons 1a and 8a dominate in Ca~V~1.2 mRNAs expressed in heart, whereas alternative exons 1b and 8b dominate in Ca~V~1.2 mRNAs of coronary artery (Fig. [4](#eph1658-fig-0004){ref-type="fig"}). All other *Cacna1c* exons marked in GTEx appear to be expressed at about the same frequency in these two tissues. Brainspan is a complementary site that, although not specifically designed to identify alternative splicing, shows a heat map of gene expression levels in different regions of the human nervous system across development (<http://www.brainspan.org/>; BrainSpan, [2011](#eph1658-bib-0005){ref-type="ref"}). The Brainspan project contains mRNA sequencing data from 42 brain specimens spanning pre‐ and postnatal developmental stages for both sexes. For example, the 'Developmental transcriptome' tab can be used to visualize expression levels of *CACNA1* genes in different brain regions.

![**Tissue‐specific use of alternative exons in human *CACNA1C* visualized using the GTEx portal (GTEx**, [2013](#eph1658-bib-0012){ref-type="ref"})\
Using the GTEx portal, the major exons and patterns of alternative splicing are displayed. The blue rectangles represent exons and the red circles the splice options. The colour intensity represents the frequency of sequence reads for the specified tissue. Shown are analyses of RNA‐seq data from human coronary artery and heart ventricles. The majority of Ca~V~1.2 expressed sequence in heart differs from that expressed in coronary artery at two mutually exclusive sites. In heart, exons 1a and 8a are expressed, whereas in coronary artery exons 1b and 8b are expressed.](EPH-100-1429-g005){#eph1658-fig-0004}

Splicing factors identify cohorts of synergistically regulated exons across different genes {#eph1658-sec-0110}
===========================================================================================

The new genome‐wide data sets also contain valuable information about correlated exon choice across multiple genes, a process essential for acquisition of cell phenotype and that is controlled by the action of cell‐specific and tissue‐specific RNA binding proteins (Wang *et al*. [2008](#eph1658-bib-0052){ref-type="ref"}). Nuclear cell‐specific trans‐acting splicing factors bind pre‐mRNAs to promote or inhibit the recognition of certain alternatively spliced exons by the spliceosome during splicing. For example, the RBM20 RNA binding protein regulates alternative splicing of an exon in Titin pre‐mRNA that is essential for adaptive changes in cardiac ventricular filling (Hidalgo & Granzier, [2013](#eph1658-bib-0015){ref-type="ref"}). In neurons, Nova RNA binding proteins regulate exon selection during pre‐mRNA splicing of many genes essential for synaptic transmission (Zhang *et al*. [2010](#eph1658-bib-0060){ref-type="ref"}). RbFox RNA binding proteins are critical for exon selection of genes expressed in many tissues and cells, and they are essential for normal cell differentiation, cell survival and cell signalling (Yeo *et al*. [2009](#eph1658-bib-0057){ref-type="ref"}). Analyses of splicing factor binding to RNA, by cross‐linking immunoprecipitation combined with high‐throughout sequencing (CLIP‐HITS), have provided genome‐wide maps of protein binding sites in brain regions (Licatalosi *et al*. [2008](#eph1658-bib-0028){ref-type="ref"}; Lambert *et al*. [2014](#eph1658-bib-0023){ref-type="ref"}). The location of splicing factor binding, in some cases, is predictive of splicing factor action. For example, serine--arginine‐rich (SR) splicing factors Nova, RbFox and PTB act as repressors or enhancers of alternative exon inclusion in RNA in neurons depending on where their consensus binding motifs (*cis* elements) are relative to the target exon (upstream or downstream; Zhang *et al*. [2010](#eph1658-bib-0060){ref-type="ref"}). Genome‐wide mapping of splicing factor binding represents the starting framework to define a splicing code that may eventually predict certain cell‐specific splicing events across families of genes (Wang *et al*. [2008](#eph1658-bib-0052){ref-type="ref"}; Licatalosi *et al*. [2008](#eph1658-bib-0028){ref-type="ref"}; Yeo *et al*. [2009](#eph1658-bib-0057){ref-type="ref"}). Trans‐acting RNA binding proteins are the best studied of the cell‐specific splicing factors, but other molecules regulate cell‐specific splicing, including epigenetic modulators of DNA (Kornblihtt *et al*. 2013; Fukuda *et al*. 2013; Yan *et al*. 2015). For example, a ubiquitous DNA‐binding protein, CCCTC binding factor (CTCF) regulates cell‐specific splicing of alternative exons. In this case, CTCF binding promotes recognition of a weak splice site by the spliceosome, but its binding is inhibited by cell‐specific methylation within the CTCF binding motif (Shukla *et al*. [2011](#eph1658-bib-0041){ref-type="ref"}). These data emphasize that transcription and pre‐mRNA processing should not be viewed as sequential events but rather as processes that are strongly coupled temporally and mechanistically (Shukla & Oberdoerffer, [2012](#eph1658-bib-0042){ref-type="ref"}; Kornblihtt *et al*. [2013](#eph1658-bib-0021){ref-type="ref"}).

Developmental changes in ion channel splicing {#eph1658-sec-0120}
=============================================

In the examples discussed in the foregoing subsections, we highlight isoforms of voltage‐gated calcium ion channel genes (*Cacna1*) that vary across different tissues and brain regions, but splicing of certain alternatively spliced exons is also strongly dependent on development. In this section, we turn to studies of closely related voltage‐gated sodium ion channel genes (*SCN*) to highlight examples of developmentally regulated alternatively spliced exons.

Splice isoforms of several neuronal sodium channels have been described, but perhaps most interesting is a splicing event that is highly conserved across several human *SCN* genes \[*SCN1A* (Na~V~1.1), *SCN2A* (Na~V~1.2), *SCN3A* (Na~V~1.3) and *SCN8A* (Na~V~1.6)\] that define 'neonatal' (exon N) and 'adult' (exon A) forms of human Na~V~ channels (Copley, [2004](#eph1658-bib-0006){ref-type="ref"}; Gazina *et al*. [2015](#eph1658-bib-0011){ref-type="ref"}). Mutually exclusive exons (usually exon 5) encode different amino acid sequences in the first (D1) of four canonical structurally homologous domains that typify all tetrameric voltage‐gated ion channels.

Interestingly, this conserved neonatal/adult splice site is a modifier of disease severity. For example, a mutation in *SCN2A* (Na~V~1.2 L1563V), which is located in a region of *SCN2A* that is downsteam of both the neonantal and adult exons, is causative of benign familial neonatal--infantile seizures. Although this mutation has no functional impact in adult Na~V~1.2 channel isoforms, it increases the overall activity of the neonatal isoform of Na~V~1.2. The benign familial neonatal--infantile seizures‐causing mutation alters several biophysical properties of neonatal Na~V~1.2 channels, including reduced kinetics of inactivation, faster recovery from inactivation and less voltage‐sensitive inactivation. Notably, the mutation makes the neonatal Na~V~1.2 channels behave like wild‐type adult Na~V~1.2 channels, perhaps explaining why this mutation is disease causing in only neonatal infants and not in adults (Xu *et al*. [2007](#eph1658-bib-0055){ref-type="ref"}; Gazina *et al*. [2015](#eph1658-bib-0011){ref-type="ref"}).

Human *SCNA8A* (Na~V~1.6) contains a different pair of exons (18A and 18N) that are also differentially expressed during development. Exon 18N‐containing mRNAs dominate in neurons at birth, but by 10 months of age in mice there is a complete switch to 18A‐containing mRNAs. Interestingly, exon 18N is disruptive; its inclusion shifts the open reading frame. Na~V~1.6 mRNAs containing 18N are non‐functional and are degraded by nonsense‐mediated decay (O\'Brien *et al*. [2012](#eph1658-bib-0036){ref-type="ref"}). Thus, in this case alternative pre‐mRNA splicing is used as a mechanism for cell‐specific and development‐dependent control of Na~V~1.6 channel expression post‐transcription. Subtle changes in splicing regulation at the conserved neonatal/adult splice site of *SCN* genes have also been proposed to arise from common single nucleotide polymorphisms (SNPs), and these are linked to altered clinical outcomes. For example, common SNPs in *SCNA1* (Na~V~1.1) are hypothesized to influence the development of some types of epilepsy (Kasperaviciute *et al*. [2013](#eph1658-bib-0018){ref-type="ref"}) and the dosage of anti‐epileptic drugs (Tate *et al*. [2005](#eph1658-bib-0044){ref-type="ref"}).

The function of voltage‐gated calcium ion channels of skeletal muscle, Ca~V~1.1, is also modified during development as a result of alternative pre‐mRNA splicing. Compared with adult channels, Ca~V~1.1 channels that dominate in embryonic skeletal muscle lack exon 29, an alternatively spliced exon that encodes 19 amino acids in the putative extracellular linker between transmembrane domains IVS3--IVS4. When present in Ca~V~1.1, the exon 29 encoding sequence reduces calcium currents and shifts channel activation thresholds to more positive voltages compared with embryonic Ca~V~1.1 channels that lack exon 29 (Tuluc *et al*. [2009](#eph1658-bib-0048){ref-type="ref"}; Benedetti *et al*. [2015](#eph1658-bib-0003){ref-type="ref"}). The amino acid sequence that links domains IVS3 and IVS4 of Ca~V~1 and Ca~V~2 channels is hypervariable and a hotspot for alterative splicing in *Cacna1* genes from *Drosophila* to humans (see Lipscombe *et al*. 2013*b*).

The neonatal and adult alternative splice isoforms of *SCN* genes and the developmentally regulated *CACNA1S* encoding Ca~V~1.1 channels can all be identified in the UCSC genome browser or IGV by aligning the mRNAs from all species and cross‐referencing with conservation scores, as shown in Figs [1](#eph1658-fig-0001){ref-type="fig"} and [2](#eph1658-fig-0002){ref-type="fig"} for *Cacna1* genes, demonstrating the utility of the genome‐wide transcription data in identifying developmentally regulated splicing events.

Current directions: alternative splicing disease and therapy {#eph1658-sec-0130}
============================================================

As discussed elsewhere, aberrant patterns of alternative pre‐mRNA splicing can also contribute to disease pathology, as the primary cause of disease, as a consequence of disease pathology or as disease modifiers (Lipscombe *et al*. 2013*b*; Singh & Cooper, [2012](#eph1658-bib-0043){ref-type="ref"}), while natural genetic variations among individuals might account for differences in disease susceptibility. Consequently, there is interest in therapeutic strategies to regulate the pattern of alternative pre‐mRNA splicing, for example, to correct mis‐splicing that may result from mutations that disrupt pre‐mRNA splicing or to shift the balance of splicing to modify disease severity (Yoshida *et al*. [2015](#eph1658-bib-0058){ref-type="ref"}).

Aberrant splicing patterns arising from rare mutations and common nucleotide variants across the human genome contribute to the aetiology of diseases and disorders including cancers, spinal muscular atrophy, autism spectrum disorders and other developmental disorders (Moulton *et al*. [2013](#eph1658-bib-0034){ref-type="ref"}; Tavassoli *et al*. [2014](#eph1658-bib-0045){ref-type="ref"}; Xiong *et al*. [2015](#eph1658-bib-0054){ref-type="ref"}; Zhang *et al*. [2015](#eph1658-bib-0061){ref-type="ref"}). In human heart, *SCN5A* pre‐mRNAs (Na~V~1.5) are mis‐spliced in patients with myotonic dystrophy type 1 (DM1) and Brugada syndrome ventricular tachyarrhythmias (Wahbi *et al*. [2013](#eph1658-bib-0051){ref-type="ref"}). There are abnormally high levels of the neonatal splice isoforms of Na~V~1.5 mRNA in ventricular myocardial tissue from patients with DM1 compared with control subjects, but this is only one example of a large number of abnormal splicing patterns found in patients with DM1. Myotonic dystrophy type 1 is caused by heterozygous trinucleotide repeat expansion \[(CTG)*n*\] in the 3′ untranslated region of the dystrophia myotonica protein kinase gene. A secondary consequence of this trinucleotide expansion is widespread dysregulation of pre‐mRNA splicing in muscle, because of the sequestration of nuclear trans‐acting splicing factors to the expanded trinucleotide repeat, notably Muscleblind‐like member 1 (*MBNL1*) and CUG‐binding protein Elav‐like family member 1 (*CELF1*). Strategies designed to correct levels of these critical splicing factors are being explored as novel therapies for this devastating disease (Lee *et al*. [2012](#eph1658-bib-0026){ref-type="ref"}).

The causal gene for Rett syndrome, *MECP2*, regulates splicing, and aberrant alternative splicing patterns are observed in mouse models of Rett syndrome (Young *et al*. [2005](#eph1658-bib-0059){ref-type="ref"}). Several other neurological and motor neuron disorders are linked by common dysfunction in RNA processing, including fused in sarcoma (FUS)‐ amyotrophic lateral sclerosis (FUS‐ALS), TAR DNA binding protein (TDP43)‐ALS, frontotemporal dementia (FTD), spinal muscular atrophy (SMA) and autism spectrum disorders (Achsel *et al*. [2013](#eph1658-bib-0001){ref-type="ref"}; Ling *et al*. [2013](#eph1658-bib-0029){ref-type="ref"}; Corominas *et al*. [2014](#eph1658-bib-0007){ref-type="ref"}; Xiong *et al*. [2015](#eph1658-bib-0054){ref-type="ref"}). Approaches to normalize the RNA splicing events are therefore being explored as therapeutic strategies to compensate for diseases such as SMA (Hua *et al*. [2011](#eph1658-bib-0016){ref-type="ref"}) and DM1 (Oana *et al*. [2013](#eph1658-bib-0035){ref-type="ref"}; Wojciechowska *et al*. [2014](#eph1658-bib-0053){ref-type="ref"}).

Conclusion {#eph1658-sec-0140}
==========

The importance of individual and correlated RNA splicing events in normal and pathological cell function is indisputable. Here, we demonstrate how to access publicly available genome‐wide sequence databases and to visualize and vertically integrate this information for a given gene or sets of genes using available Web‐based and informatics tools. The value‐content of genome‐wide data sets is already high, but it will continue to grow as massively parallel sequencing of RNA and maps of regulatory elements in RNA and DNA are added from different cell types and tissues, in healthy and disease‐affected individuals. Deep, genome‐wide sequencing of expressed mRNAs at different developmental time points for a range of specific brain regions and tissues will be necessary for an accurate spatial and temporal map of splicing regulation. Knowledge of cell‐ and tissue‐specific exon combination patterns, as well as the cell‐specific regulatory elements that regulate them, will lead to a comprehensive set of data that should be highly predictive of the function and the state of the cell, and may inform strategies aimed at correcting abnormal splicing events associated with disease.
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